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Nonlinear radiationAbstract The current study covers the relative study of non-aligned magnetohydrodynamic stag-
nation point flow of a nanofluid comprising gyrotactic microorganisms across a stretching sheet in
the presence of nonlinear thermal radiation and variable viscosity. The governing equations transi-
tioned as nonlinear ordinary differential equations with suited similarity transformations. With the
assistance of Runge-Kutta based shooting method, we derived solutions. Results for oblique and
free stream flow cases are exhibited through plots for the parameters of concern. In tabular form,
heat and mass transfer rate along with the local density of the motile microorganisms are analyzed
for some parameters. It is found that local density of the motile microorganisms is highly influenced
by the Biot and Peclet numbers. Rising values of the magnetic field parameter, Biot number, ther-
mal radiation parameter and thermophoresis parameter increase the thermal boundary layer. Bio-
convection Peclet number and bioconvection Lewis number have tendency to reduce the density of
the motile microorganisms. It is also found that thermal and concentration boundary layers become
high in free stream flow when compared with the oblique flow.
 2016 Faculty of Engineering, Alexandria University. Production and hosting by Elsevier B.V. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
For so many years, people are inventing different ways to
reduce the greenhouse effect. The main intention is finding
the things which are good at absorbing carbon dioxide. In gen-
eral, microorganisms like diatoms, algae, and bacteria are
more capable of absorbing carbon dioxide compared to plants.So for the forecasts of the greenhouse effect, knowing the
microorganisms’ biology and exactly valuing their count is cru-
cial. Platt [1] coined the word bioconvection which is raised as
a modern subdivision of biological fluid mechanics. This pro-
cess (Bioconvection) is the spontaneous pattern construction
in suspension of microorganisms which are a little denser com-
pared to water and on average swim upwards. When the upper
surface is excessively dense because of the collection of
microorganisms, it is destabilized. Then it leads to a crumbling
of microorganisms and the production of macroscopic
convection. Bioconvection is useful in bio-reactors, fuel cell
technology, and bio-diesel fuels. Pedley et al. [2] and Bees
and Hill [3] analyzed the gyrotactic bioconvection and pro-
Nomenclature
a; b; c; d positive constants
Bi Biot number
B0 magnetic field strength ðTÞ
C concentration of the fluid ðkg m2Þ
Cp specific heat at constant pressure ðJ kg K1Þ
Cw concentration at the surface ðkg m2Þ
C1 concentration of the fluid in the free stream
ðkg m2Þ
DB Brownian motion coefficient
DT thermophoretic diffusion coefficient
Dn diffusivity of microorganisms
f dimensionless velocity function
G dimensionless oblique velocity function
hf convective heat transfer coefficient ðW m2 K1Þ
k thermal conductivity of the nanofluid
ðW m1 K1Þ
k mean absorption coefficient
Lb bioconvection Lewis number
Le Lewis number
M magnetic field parameter
n density of the motile microorganisms
Nb Brownian motion parameter
Nt thermophoresis parameter
Pe bioconvection Peclet number
Pr Prandtl number
Ra nonlinear thermal radiation parameter
S boundary layer displacement constant
T temperature of the fluid ðKÞ
T1 temperature of the fluid in the free stream ðKÞ
u; v velocity components in x; y directions ðm s1Þ
UwðxÞ stretching velocity of the sheet ðm s1Þ
Greek symbols
s effective heat capacitance
h dimensionless temperature function
/ dimensionless nanoparticle fraction function
v dimensionless microorganisms fraction function
g similarity variable
re electrical conductivity
r bioconvection constant
r Stefan-Boltzmann constant
qf density ðkg m3Þ
lf dynamic viscosity ðPa SÞ
af thermal diffusivity coefficient ðm2 s1Þ
b viscosity variation parameter
t kinematic viscosity ðm2 s1Þ
k1; k2 free stream stagnation flow parameters
1932 M. Jayachandra Babu, N. Sandeepvided solutions which can be enforced to render comparability
with experimentally specified concentration or flow area pro-
files of the moving pulses following a simple calculation. Later
by considering porous media, Kuznetsov and Jiang [4,5] for-
mulated a numerical model for bioconvection and found that
there are various factors like cell deposition, affecting the evo-
lution of the bioconvection. In the same channel, Nield et al.
[6] examined the influence of different parameters on biocon-
vection by assuming Peclet number is not bigger than 1. They
discovered that the bioconvection Rayleigh number rises with
the increase in Peclet number. Alloui et al. [7] numerically
investigated bioconvection in two cases i.e., cooling and heat-
ing from below. As bioconvection is three-dimensional in nat-
ure, Ghorai and Hill [8] studied the gyrotactic bioconvection in
this dimension. They noticed that the varicose imbalance dis-
covered in three dimensions is same axisymmetric solutions.
Nowadays, to generate or rise in the convection in nanoflu-
ids, inquiries are produced on the deployment of microorgan-
isms. As nanoparticles are not having motility, their movement
will be caused by thermophoresis and Brownian motion. Thus
the movement of microorganisms is free of the movement of
nanoparticles. This compounding attracted researchers
because of its use in medical filtration device technologies
and microbial fuel cell technology. Several authors made a
contribution to this kind of work through different channels
[9–15]. Some of their findings are bioconvection Lewis number
and magnetic parameter reduces the density of motile microor-
ganisms. Peclet number enhances the rate of mass transfer and
the effect of thermophoresis parameter on the density of motile
microorganisms is quite opposite when compared to tempera-
ture. Stagnation point flow is significant in forced convective
heat transfer and fluid mechanics as it has tremendous applica-tions like cooling of electronic devices using fans, cooling of
nuclear reactors in case of an emergency shutdown. Tooke
and Blyth [16], Grosan et al. [17] and Lok et al. [18] discussed
oblique stagnation point flow. They observe that there is a shift
in the stagnation point due to magnetic field parameter, among
micropolar and Newtonian fluids, micropolar fluid induces
more prominent wall shear stress. Still several authors on the
job for the investigation of the flow near the stagnation point
in versatile ways. One way among them is stagnation point
flow past a stretched surface. This attracted so many research-
ers as it have tremendous applications like glass blowing,
extrusion of soft sheets, and paper production. Chiam [19] ini-
tiated the work on the flow near a stagnation point of a viscous
fluid across a linear stretching surface. He examined two-
dimensional normal, axisymmetric normal, oblique and
axisymmetric oblique flows in this domain. Later various
authors [20–32] made a contribution to this work by consider-
ing the stretching domain. Few of their determinations are (a)
when the stretching velocity of the surface is adjusted then the
heat transfer rate at that point can be enhanced or diminished
(b) temperature rises with the rise in the non-uniform heat
source/sink parameters (c) to control the flow, stretching ratio
parameter is useful. Buongiorno [33] suggested a new model
which is based on the mechanics of nanoparticles/base-fluid
relative velocity. After analyzing seven slip mechanisms (Brow-
nian diffusion, thermophoresis, diffusion phoresis, magnus
effect, fluid drainage and gravity settling), he concluded that
Brownian diffusion and the thermophoresis are important in
the absence of turbulent effects. Dinarvand et al. [34,35] used
Buongiorno’s model to examine the nanofluid stagnation point
flow by considering the different parameters. They noticed that
the unsteadiness parameter improves the heat and mass trans-
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layer increases with the increase in the mixed convection
parameter. The researchers [36,37] applied HAM method to
discuss the nanofluid flow over a vertical surface. Some of their
findings include skin friction coefficient which increases with
the increase in the nanoparticle volume fraction; nanoparticle
volume fraction parameter improves both the velocity and
temperature.
To the author’s best knowledge no studies has been
reported yet on non-aligned bioconvective stagnation point
flow of a nanofluid comprising gyrotactic microorganisms
across a stretching sheet by considering nonlinear radiation
and variable viscosity in two different cases i.e., oblique flow
and free stream flow. The governing equations transitioned
as nonlinear ordinary differential equations with suited simi-
larity transformations and solved numerically. Results are
exhibited through plots for the parameters of concern.
2. Mathematical formulation
A steady, incompressible, two-dimensional bio-convection
stagnation-point flow of a nanofluid comprising gyrotactic
microorganisms across a stretching sheet with variable viscos-
ity and nonlinear thermal radiation is considered. A uniform
magnetic field of strength B0 is applied as shown in Fig. 1.
The sheet is assumed to be located at the x-axis. With the
velocity UwðxÞ ¼ cx, the sheet is elongated by two equal and
opposite forces along the x-axis. Assume the fluid’s velocity
beyond the boundary layer as U1 ¼ axþ by. Note that the
flow stimulated by bioconvection takes place in a thin suspen-
sion of nanoparticles in order to get rid of suppressing biocon-
vection and we have considered the magnetic Reynolds
number as less as possible in order to neglect the stimulated
magnetic and electric field. Under these suppositions, the gov-
erning equations are [38,39]
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and the pertinent boundary conditions are
u¼UwðxÞ ¼ cx; v¼ 0; k @T@y ¼ hfðTT1Þ;
C¼ Cw; n¼ nw at y¼ 0
u¼U1 ¼ axþ by; T! T1; C! C1;n ! n1 as y!1
9>=
>;
ð5Þ
To get the equations in non-dimensional form and alleviate
mathematical solutions, we brought in the below similarity
transformations:
u ¼ ﬃﬃﬃﬃﬃﬃctfp x ﬃﬃﬃﬃﬃﬃﬃﬃc=tfp f 0ðgÞ þ GðgÞ ; v ¼ ﬃﬃﬃﬃﬃﬃctfp fðgÞ;
T ¼ T1½1þ ðhw  1ÞhðgÞ; /ðgÞ ¼ CC1CwC1 ; vðgÞ ¼ nn1nwn1
)
ð6Þ
Transformed equations are
F 000  bf 00h0 þ ebh ff 00  f 02 Mðf 0  k1Þ þ k21
  ¼ 0; ð7ÞG000  bG00h0 þ ebh fG00  f 0G0 MðG0  k2gÞ þ Sk2½  ¼ 0; ð8Þ½1þ Ra½1þ ðhw  1Þh3h00 þ ½3Raðhw  1Þ½1þ ðhw  1Þh2
þ PrNth02 þNbPr/0h0 þ Prfh0
¼ 0; ð9Þ/00 þ LePrf/0 þ Nt
Nb
h00 ¼ 0; ð10Þv00  Peð/0v0 þ /00vþ r/00Þ þ LbPrfv0 ¼ 0; ð11Þ
and the refreshed boundary conditions are
f¼ 0; G¼ 0; f 0ðgÞ¼ 1; g0ðgÞ¼ 0; h0ðgÞ¼Biðh1Þ;
/¼ 0; v¼ 0 at g¼ 0
f 0ðgÞ¼ k1; G00ðgÞ¼ k2; h¼ 0; /¼ 0; v¼ 0 as g!1
9>=
>;
ð12Þ
Here
M ¼ reB20qfc ; b ¼ mðT T1Þ; S ¼ aﬃﬃﬃctp ; Ra ¼ 16rT313kk ; Pr ¼ tfaf ;
Nt ¼ sDTðhw1Þt ;
Nb ¼ sDBðCwC1Þt ; Le ¼
af
DB
; Pe ¼ dWc
Dn
; r ¼ n1
nwn1 ; Lb ¼
af
Dn
9>>=
>>;
ð13Þ
For engineering design interest, the abbreviated Nusselt
number, Sherwood number and the density number of the
motile microorganisms (after non-dimensionalization) are
given by
Nux ¼ ðPexÞ1=2h0ð0Þ; Shx ¼ ðPexÞ1=2/0ð0Þ;
Nnx ¼ ðPexÞ1=2v0ð0Þ ð14Þ
where ðPexÞ1=2 is the local Peclet number.
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Figure 3 Velocity gradient profile for different values of M.
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Eqs. (7)–(11) accompanying the considerations (12) are figured
out mathematically with the assistance of Runge-Kutta based
shooting technique. For the aim of mathematical results, we
have assigned the values for various non-dimensional parame-
ters as Nb ¼ 0:5, Nt ¼ 0:3, Pr ¼ 6:2, Ra ¼ 1, M ¼ 1, Le ¼ 1,
hw ¼ 2, Pr ¼ 6:2, Bi ¼ 0:1, Lb ¼ 0:5, Pe ¼ 0:5, g ¼ 0:1,
b ¼ 1, S ¼ 1, r ¼ 0:2. Apart from the changed parameters as
shown in the plots, these are conserved as invariable. We
expose the solutions to discuss the behavior of several param-
eters such as Peclet number and bioconvection constant on the
usual profiles (velocity, temperature, concentration, density of
the motile microorganisms). We examined some of them on
local Nusselt number, local Sherwood number and the density
number of the motile microorganisms and displayed the results
in tabular form. In this study, the solid and dashed lines show
the oblique flow and free stream flow respectively.
Figs. 2–6 describe that the temperature, concentration, and
density of the motile microorganisms rises but quite opposite
in the case of velocity when they are tested by magnetic field
parameter M. In fact, magnetic field parameter develops a
resistant force (Lorentz force) which works opposite to flow
field and enhances the thermal boundary layer thickness. In
all the graphs, profiles are looking high in oblique flow when
compared to free stream flow. It is obvious that the radiation
parameter Ra helps in improving the temperature of the sur-
face and the thermal boundary layer thickness. This may hap-
pen due to the release of additional heat to the flow for rising
values of radiation parameter. We can observe that natural
behavior in Fig. 7. It is clear from Figs. 8 and 9 that ther-
mophoresis parameter enhances both temperature and concen-
tration. Physically, thermophoretic parameter increases the
density of the thermal boundary layer. As a result, temperature
rises with the improvement in thermophoresis. Brownian
motion Nb lessens the thickness of the concentration boundary
layer which leads to the reduction in concentration, as shown
in Fig. 10. Fig. 11 indicated that the concentration profile
reduces with the increase in the Lewis number Le. Lewis0 0.5 1 1.5 2 2.5 3 3.5 4
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Figure 2 Velocity profile for different values of Ra.
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Figure 5 Concentration profile for different values of M.
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for different values of M.
Figure 7 Temperature profile for different values of Ra.
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Figure 9 Concentration profile for different values of Nt.
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Figure 10 Concentration profile for different values of Nb .
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Figure 11 Concentration profile for different values of Le.
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1936 M. Jayachandra Babu, N. Sandeepnumber lessens the mass diffusivity which in turn lessens the
penetration depth of the concentration boundary layer.
From Figs. 12–14, we observed reduction in the boundary
layer thickness of the motile microorganism for rising values
of the Peclet number, bioconvection Lewis number and bio-
convection parameter. Fig. 15 says that the Biot number
improves the temperature profiles of the flow. This may hap-
pen due to the rise in the temperature difference for increasing
values of the Biot number. Fig. 16 explains that the oblique
velocity decreases with the increase in the viscosity variation
parameter b. In general, increasing viscous parameter always
results in the reduction of the velocity. Note that in this graph,
we can observe high profiles in the oblique flow when com-
pared with the free stream flow.
Table 1 depicts the validation of the present results by com-
paring with the published results. We found a favorable agree-
ment with published results. Tables 2 and 3 presented the effect
of pertinent parameters on the reduced Nusselt number, Sher-
wood number and the local density number of the motile0 0.5 1 1.5 2 2.5 3
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Figure 12 Volume fraction of gyrotactic microorganism profile
for different values of Pe.
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Figure 13 Volume fraction of gyrotactic microorganism profile
for different values of Lb.
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for different values of r.
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Figure 16 Velocity gradient profile for different values of b.
Table 1 Comparison of the present results for h0ð0Þ and /0ð0Þ when Pr ¼ Le ¼ 10, Bi ¼ 0:1, b ¼ Ra ¼ k1 ¼ Pe ¼M ¼ Lb ¼ 0.
Nt h0ð0Þ h0ð0Þ Present results /0ð0Þ /0ð0Þ Present results
Nb ¼ 0:1 Nb ¼ 0:1 Nb ¼ 0:1 Nb ¼ 0:1
Ref. [32] Ref. [38] Ref. [32] Ref. [38]
0.1 0.0929 0.09291 0.092912 2.27741 2.27741 2.277412
0.3 0.0925 0.09252 0.092521 2.2228 2.22281 2.222811
0.5 0.0921 0.09212 0.092120 2.1783 2.17834 2.178341
Table 2 Values of reduced Nusselt number, reduced Sherwood number and the reduced density number of the motile microorganisms
for diverse parameters in oblique flow.
M Ra Nt Pe Lb Bi r h0ð0Þ /0ð0Þ v0ð0Þ
1 0.090411 1.654470 1.888114
3 0.089468 1.548341 1.763810
6 0.088414 1.441098 1.640789
1 0.090410 1.654493 1.888125
1.5 0.088766 1.655390 1.887038
2 0.087159 1.655816 1.885704
1 0.089672 1.616068 1.868808
2 0.087665 1.556681 1.839729
3 0.084420 1.528600 1.826674
0.3 0.090421 1.654328 1.576237
0.5 0.090421 1.654328 1.888383
0.7 0.090421 1.654328 2.207772
0.5 0.090421 1.654328 1.888383
0.6 0.090421 1.654328 2.005665
0.7 0.090421 1.654328 2.115546
0.1 0.090411 1.654470 1.888114
0.15 0.127607 1.632295 1.872169
0.2 0.158914 1.613592 1.857638
0.2 0.090421 1.654328 1.888383
0.4 0.090421 1.654328 2.004646
0.6 0.090421 1.654328 2.120910
Table 3 Values of reduced Nusselt number, reduced Sherwood number and the reduced density number of the motile microorganisms
for diverse parameters in free stream flow.
M Ra Nt Pe Lb Bi r h0ð0Þ /0ð0Þ v0ð0Þ
1 0.090029 1.619865 1.844518
3 0.088532 1.478636 1.677737
6 0.086624 1.328780 1.505927
1 0.090025 1.619880 1.844427
1.5 0.088175 1.619641 1.842178
2 0.086314 1.618945 1.839627
1 0.089231 1.578762 1.823705
2 0.087010 1.512457 1.790153
3 0.083315 1.474527 1.770132
0.3 0.090059 1.619764 1.536353
0.5 0.090059 1.619764 1.845458
0.7 0.090059 1.619764 2.161277
0.5 0.090059 1.619764 1.845458
0.6 0.090059 1.619764 1.963004
0.7 0.090059 1.619764 2.073377
0.1 0.090029 1.619865 1.844518
0.15 0.126614 1.594756 1.825741
0.2 0.156903 1.572792 1.807985
0.2 0.090059 1.619764 1.845458
0.4 0.090059 1.619764 1.961908
0.6 0.090059 1.619764 2.078358
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1938 M. Jayachandra Babu, N. Sandeepmicroorganisms in both cases (i.e., oblique flow and free
stream flow). According to Table 2 (oblique flow), magnetic
field parameter and thermophoresis parameter lessen the heat
and mass transfer rates and the density number of the motile
microorganisms. It is clear that the behavior of Peclet number,
bioconvection Lewis number and bioconvection constant on
the density number of the motile microorganisms is same
(enhancement). Biot number assists to improve the rate of heat
transfer but depreciates the mass transfer rate and the density
number of the motile microorganisms. It is obvious that radi-
ation parameter lessens the heat transfer rate. We can say that
Table 3 (free stream flow) is the replica of Table 2 (in behavior)
with the improvised values. And also we can observe that mag-
netic parameter rapidly reduce the Sherwood number in free
stream flow compared to oblique flow.4. Conclusions
Bio-convective non-aligned magnetohydrodynamic stagnation
point flow across a stretching sheet bearing Peclet number, bio-
convection constant, and nonlinear radiation parameter is
demonstrated in this paper. The influence of these parameters
together with some other parameters is explained through
plots. Numerical measures like heat and mass transfer rates
and the density number of the motile microorganisms are
shown with the assistance of tables. The primary results are
sorted out as below:
 M , Ra, Nt and Bi enhances the temperature field h.
 Rising the values ofM and b lessen the oblique velocity field
G0.
 The density of the motile microorganisms v is a decreasing
function of Pe; Lb; r. So these parameters rise the density
number of the motile microorganisms.
 Nb and Le regulates the concentration profile.
 M regulates the heat transfer rate, mass transfer rate and
the density number of the motile microorganisms.
 Bi improves the rate of heat transfer but exhibit the oppo-
site behavior on the rate of mass transfer and the density
number of the motile microorganisms.
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